Essential oils isolated from needles of Pinus patula by hydrodistillation were analyzed by gas chromatography-flame ionization detection (GC-FID) and gas chromatography mass spectrometry (GC-MS). Thirty-eight compounds were identified, representing 98.3% of the total oil. The oil was rich in monoterpene hydrocarbons (62.4%), particularly α-pinene (35.2%) and β-phellandrene (19.5%). The in vitro antifungal assay showed that P. patula oil significantly inhibited the growth of 9 plant pathogenic fungi. The oil, when tested on Sinapis arvensis, Lolium rigidum, Phalaris canariensis and Trifolium campestre, completely inhibited seed germination and seedling growth of all species. Our preliminary results showed that P. patula essential oil could be valorized for the control of weeds and fungal plant diseases.
Weeds and fungi are the largest competitor of agricultural crops and severely reduce crop production by 25-50% [1, 2] . To protect agricultural crops, enormous amounts of synthetic pesticides are used. Agrow [3] reported that the total value of the world's agrochemical market was between US$31-35 billion and among these products herbicides accounted for 48%, followed by fungicides (22%). However, the excessive use of synthetic pesticides in the croplands, urban environment, and water bodies to remove noxious pests has resulted in an increased risk of pesticide resistance, enhanced pest resurgence, development of resistance/ cross-resistance, toxicological implications to human health, and increased environmental pollution. Efforts are thus being made to replace these synthetic chemicals with alternatives, which are safer and less harmful to the environment. Natural pest and disease control either directly or indirectly using natural plant products/botanicals, including essential oils, is a promising green alternative.
Pines are coniferous trees of the genus Pinus, family Pinaceae. There are about 115 species of pine, which are divided into three subgenera, based on cone, seed and leaf characters [4] . Pines are among the most important commercial species used for timber and wood pulp in temperate and tropical regions of the world. This is due to their fast growing softwoods that can be planted in relatively dense stands, and because their acidic decaying needles inhibit the growth of other competing plants. P. patula (Mexican weeping pine) is native to Mexico, but widely distributed all over the Mediterranean basin. The volatile compounds from P. patula needles have been investigated in Japan [5] , but, to our knowledge, no study has been reported on their antifungal and their herbicidal activities. The aims of this work were to assay the main constituents of the essential oil obtained from P. patula needles growing in Tunisia, and to assess the antifungal activity of the essential oil against 9 plant pathogenic fungi and its effects against germination and seedling growth of four common weeds in Tunisia, Sinapis arvensis, Lolium rigidum, Trifolium campestre and Phalaris canariensis.
The hydro-distillation of dried Pinus patula needles gave yellowish essential oil (yield 0.4%, w/w). The constituents identified by GC-MS analysis, in the order of elution on a HP-5MS column, and the quantitative data are presented in Table 1 , Thirty-eight constituents accounting for 98.3% of the total oil composition were identified. The oil was dominated by monoterpene and sesquiterpene hydrocarbons (62.4 and 15.4%, respectively), but oxygenated monoterpenes, sesquiterpenes and diterpenes were present in the oil in small quantity (<10%). The major components were α-pinene (35.2%), β-phellandrene (19.5%), abietatriene (9.3%) and Z-caryophyllene (8.9%); other components present in appreciable amounts were α-humulene, germacrene D, spathulenol, caryophyllene oxide and manoyl oxide. Identification  01  02  03  04  05  06  07  08  09  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38 Tricyclene Japanese P. patula essential oil contained α-pinene and Z-caryophyllene as its major components, with some differences that can be related to factors such as geographic area, genetic background, harvest time and extraction method [5] . The effect of P. patula essential oil was tested on seed germination and seedling growth of Sinapis arvensis, Lolium rigidum, Phalaris canariensis and Trifolium campestre, important weeds in Tunisian cultivated areas. Table 2 shows that the essential oil strongly inhibited the germination and seedling growth in a dose dependent manner with the effect being significantly more effective on dicots (S. arvensis and T. campestre) than monocots (L. rigidum and P. canariensis). Indeed, at lower concentrations (from 1 to 3 µL/mL for dicots and from 1 to 4 µL/mL for monocots), the germination and seedling growth of weeds were partially reduced. However, at high concentrations (4 µL/mL for dicots and 5 µL/mL for monocots), the germination and seedling growth of all tested weeds were totally inhibited. In our study, the oil was rich in monoterpenes, especially α-pinene and β-phellandrene, sesquiterpenes, such as Zcaryophyllene, and abietatriene (diterpene), which are known for their phytotoxic effects [6] [7] [8] [9] . Numerous studies have shown the phytotoxic potential of essential oils isolated from different plants. Scrivanti et al. [10] demonstrated that the oil from Schinus areira and it major compound α-pinene (85.3%) inhibited root growth of Zea mays. Singh et al. [8] have demonstrated that exposure of seedlings to α-pinene inhibits seedling growth by causing oxidative damage to root tissue. Kill et al. [6] reported that Z-caryophyllene, an important sesquiterpene of the essential oil of Artemisia lavandulaefolia, suppressed the seedling growth of Achyranthes japonica. Wang et al. [9] showed that Z-caryophyllene, at a dose of 3 mg/L, significantly inhibited the germination rates and seedling growth of Brassica campestris and Raphanus sativus. Generally, both monoterpenoids and sesquiterpenoids appear to be involved in these allelopathic interactions, and, for these reasons, the herbicidal activity of our oil was attributed to the presence of both sesquiterpenes and monoterpenes and the synergism between the components. Although, the exact mechanisms of the essential oil on germination and seedling growth inhibition remain unclear, such inhibitory effects could be caused by allelochemicals interfering with physiological and biochemical processes in the target species [11] [12] [13] . Indeed, it has been reported that the inhibition of germination may be the consequence of the inhibition of water uptake, increased abscisic acid (ABA) content, decreased indole-3acetic acid (IAA) and zeatin riboside (ZR) contents, and disruption of the activity of metabolic enzymes involved in glycolysis and the oxidative pentose phosphate pathway [14] [15] [16] [17] . On the other hand, previous studies showed that Pinus patula essential oil Natural Product Communications Vol. 6 (10) 2011 1533 some essential oils have phytotoxic effects that may cause anatomical and physiological changes to plant seedlings leading to accumulation of lipid globules in the cytoplasm, and reduction in some organelles, such as mitochondria, possibly due to either inhibition of DNA synthesis or disruption of membranes surrounding mitochondria and nuclei [18] [19] [20] . One or more of these factors could explain the blockage of the seed germination and the death of the embryon.
The essential oil isolated from the needles of P. patula was tested for its antifungal activity against nine plantpathogenic fungal species. Our results showed that the essential oil significantly reduced fungal growth of all species (Table 3 ). This study also indicated that there was no significant difference in growth inhibition between the fungi tested.
The obtained results confirm the antifungal activity of conifer essential oils [21] . Generally, pine species are known to possess an antifungal activity and this is related to the high level of hydrocarbon monoterpenes. There was a correlation between the antifungal activity and the percentage of some components. As mentioned above, P. patula essential oil was characterized by a relatively high content of monoterpene hydrocarbons and Z-caryophyllene could be responsible for the antifungal activity observed in this study. Previous study of the chemical composition and antifungal properties of the needle oils of P. densiflora, P. koraiensis, P. ponderosa and P. resinosa reported α-and β-pinene as predominant constituents and that these compounds were responsible for the antifungal properties [22] . Several authors have demonstrated the antifungal proprieties of these compounds. Sokovic and Griensven [23] showed that α-pinene and limonene (MIC 4.0-9.0 µL/mL) were active against Verticillium fungicola and Trichoderma harzianum, which are present in important amounts in our sample. Similar results were obtained by Lis-Balchin et al. [21] , who correlated the antifungal activity of the needle pine oil with the high content of α-and β-pinene. Hui-Ting et al. [24] showed the fungicidal activity of Z-caryophyllene, and α-and β-pinene against Fusarium solani and Colletotrichum gloeosporioides, and demonstrated the greater fungiotoxic effects of Zcaryophyllene than α-and β-pinene [24] .
Thus, the antifungal activity of the oil in the present study can be attributed to the high proportions of both monoterpenes and sesquiterpenes, but other major or trace components in the oil could give rise to part of the antifungal activity of the oil. There are also possible synergistic and antagonistic interactions between the oil components. The mode of action of essential oils has been investigated by many authors who have suggested that the antimicrobial activity is produced by interactions provoked by terpenes in the enzymatic systems related with energy production and in the synthesis of structural components of the microbial cells [25] . Other reports suggested that the components of the essential oils cross the cell membrane, interacting with the enzymes and proteins of the membrane, such as the H + -ATPase pumping membrane, so producing a flux of protons towards the cell exterior, which induces changes in the cells and, ultimately, their death. Several authors [26] [27] [28] [29] have also reported that the antimicrobial activity is related to the ability of terpenes to affect not only permeability but also other functions of cell membranes. These compounds might cross the cell membranes, thus penetrating into the interior of the cell and interacting with critical intracellular sites. In addition, Daferera et al. [29] reported that the fungitoxic activity of essential oils may be due to the formation of hydrogen bonds between the hydroxyl group of various oil components and active sites of target enzymes. These components would increase the concentration of lipidic peroxides, such as hydroxyl, alkoxyl and alkoperoxyl radicals and so bring about cell death. Other reports showed that the essential oils could act on the hyphae of the mycelium, provoking the exit of components from the cytoplasm, the loss of rigidity and integrity of the hyphal cell wall, resulting in its collapse and the death of the mycelium [30, 31] .
The essential oil of P. patula displayed both antifungal and phytotoxic activities against plant pathogenic fungi and weeds, respectively. It was successful in controlling every plant-pathogenic fungus and weed tested. According to our knowledge, this is the first report on the biological activities of P. patula essential oil. Based on our preliminary results, the essential oil of P. patula could be suggested as an alternative pesticide. However, further studies are required to determine the cost, applicability, safety and phytotoxicity against the cultured plants of these agents as a potential herbicide and fungicide.
Experimental
Plant material: Fresh needles of Pinus patula were collected in March 2010 from an experimental field (Souiniet) of the National Institute for Research in Rural Engineering, Water and Forest. The experimental site is located in the Ain daraham region at an altitude of 492 m, where a humid interior climate prevails. The voucher specimen of the plant is housed in the herbarium of the Institute; identification was performed in the Laboratory of Genetics according to the flora of Tunisia [32] 1534 Natural Product Communications Vol. 6 (10) 2011
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Isolation of the essential oils:
One hundred g of air-dried and finely ground raw material was hydrodistilled for 5 h with 500 mL distilled water using a Clevenger type apparatus according to the European Pharmacopoeia [33] . The oil obtained was collected and dried over anhydrous sodium sulfate and stored in sealed glass vials in a refrigerator at 4°C prior to analysis. Yield based on dried weight of the sample was calculated (w/w %).
Gas chromatography analysis:
The essential oils were analyzed using a Hewlett Packard 5890 II GC equipped with Flame Ionization Detector (FID) and HP-5 MS capillary column (5% phenyl/95% dimethylpolysiloxane: 30 m × 0.25 mm id, film thickness 0.25 μm). Injector and detector temperatures were set at 250° and 280°C, respectively. Oven temperature was kept at 50°C for 1 min then gradually raised to 250°C at 5°C/min and subsequently, held isothermal for 4 min. Nitrogen was the carrier gas at a flow rate of 1.2 mL/min. Diluted samples (1/100 in n-hexane, v/v) of 1.0 μL were injected manually in the splitless mode. Quantitative data were obtained electronically from FID area percent data without the use of correction factors.
Gas chromatography/mass spectrometry analysis:
Analysis of the oils was performed using a Hewlett Packard 5890 II GC, equipped with a HP 5972 mass selective detector and a HP-5 MS capillary column (30 m × 0.25 mm id, film thickness 0.25 μm). For GC/ MS detection, an electron ionization system, with ionization energy of 70 eV, a scan time of 1.5 s and mass range 40-300 amu, was used. Helium was the carrier gas at a flow rate of 1.2 mL/min. Injector and transfer line temperatures were set at 250 and 280°C, respectively. Oven program temperature was the same as that used for GC analysis. Diluted samples (1/10 in n-hexane, v/v) of 1.0 μL were injected manually in the splitless mode. Identification of the compounds was based on MS (compared with Wiley 275.L, 6th edition mass spectral library) and with authentic compounds, and confirmed by comparison of their retention indices either with those of authentic compounds or with data published in the literature, as described by Adams [34] . Further confirmation was achieved from Retention Index data generated from a series of n-alkanes retention indices (relative to C9-C28 on the HP-5 MS capillary column).
Seed germination and seedling growth experiments:
Mature seeds of Sinapis arvensis, Phalaris canariensis, Trifolium campestre and Lolium rigidum were collected from plants growing in the fields of Tunisia, in July 2009. The plants were dried for 15 days at room temperature, and then the seeds were removed. Uniform healthy seeds were selected and stored at 4°C until germination tests. The seeds were sterilized with 15% sodium hypochlorite for 20 min. They were then rinsed with abundant distilled water.
Empty and undeveloped seeds were discarded by floating in tap water and the remaining seeds were used. To determine the herbicidal effect of the essential oil, the oil was dissolved in Tween-water solution (0.1%, v/v). Six mL of the appropriate essential oil solution was transferred to a Petri dish placed on the bottom of which were 2 layers of filter paper to obtain the final concentration of the treatment (0, 1, 2, 3, 4 and 5 µL/mL). Afterward, 20 seeds of S. arvensis, P. canariensis, T. campestre and L. rigidum were distributed evenly on the filter paper. The Petri dishes were closed with an adhesive tape to prevent the escape of volatile compounds and kept at 25°C in a growth chamber supplied with 12 h of fluorescent light per day. The number of germinated seeds and seedling lengths were measured after 10 days. The treatments were arranged in a completely randomized design with 3 replications, including controls [35] .
Antifungal activity assays: Ten plant pathogenic fungi were obtained from the culture collection of the Tunisian National Institute of Agricultural Research (INRAT). Cultures of each fungus were maintained on potato dextrose agar (PDA) and were stored at 4°C in 1 mL of glycerol 25% at -20°C. The fungal species used in this study were: Fusarium avenaceum, F. culmorum, F. oxysporum, F. subglutinans, F. verticillioides, F. nygamai, Rhizoctonia sp., Microdochium nivale var. nivale, Alternaria sp. and Bipolaris sorokiniana. Antifungal activity was studied by using an in vitro contact assay which produces hyphal growth inhibition [36] . Essential oil was dissolved in 1 mL of Tween 20 (1% v/v) and then added to 20 mL PDA at 50°C to obtain the final concentration (5 µL/mL). Then, a disc of approximately 5 mm in diameter, cut from the periphery of a 7 days old culture, was inoculated in the center of each PDA plate (90 mm diameter), and then incubated in the dark at 24°C for 7 days. PDA plates treated with Tween 20 (0.1%) without essential oil were used as a negative control. Tests were repeated in triplicate. Growth inhibition was calculated as the percentage of inhibition of radial growth relative to the control using the following formula: % Inhibition = (C-T)/Cx100. Where C is an average of 3 replicates of hyphal extension (mm) of controls and T is an average of 3 replicates of hyphal extension (mm) of plates treated with essential oil.
Statistical analysis:
Data obtained from fungal growth inhibition, seed germination and seedling growth assays were expressed as mean values and were subjected to one-way analysis of variance (ANOVA), using the SPSS 13.0 software package. Differences between means were tested through Student-Newman-Keuls (SNK) and values of p ≤0.05 were considered significantly different [37] .
